The purpose of this experiment was to clarify the effects of dietary protein levels on the gonadal development and sex hormones in male rats kept under constant darkness as a model of disturbed daily rhythm. Four-week-old male rats (Fischer 344 strain) were kept under constant darkness or normal lighting (12-h light/dark cycle). Two kinds of experimental diet were prepared, one with low dietary protein levels (9% casein) and one with normal levels (18% casein). Harper mineral mixture and Panvitan were used as mineral and vitamin sources, respectively. After 4 weeks, gonadal weight, serum testosterone, and other hormone contents were evaluated. The gonadal weight in the constant darkness groups (D-groups) was lower than that in the normal lighting groups (N-groups). Although the low-protein diet in the D-groups significantly reduced gonadal weight, the normal-protein diet mitigated the reduction of gonadal weight in rats kept under constant darkness. Serum testosterone and androstenedione concentrations were lower in D-group rats fed the lowprotein diet. There were no effects of lighting condition or protein levels on serum luteinizing hormone (LH), follicle-stimulating hormone (FSH), or progesterone concentrations. These results indicate that the suppression of gonadal development in D-group rats fed the low-protein diet was caused by low testosterone, which we attribute to the inhibition of synthesized androstenedione, a precursor of testosterone. The present study showed that constant darkness and the low-protein diet inhibited the synthetic pathway from progesterone to androstenedione.
Introduction
The number of people living under a disturbed daily rhythm, such as working regardless of day or night, has been increasing due to the globalization of business and social activities, and the diversification of forms of labor. it has been reported that the disturbance of daily rhythm increases the prevalence rate of metabolic syndrome, gastrointestinal disease, cardiac disease, and other diseases [6, 16, 17, 23] . Such irregularities in daily rhythms adversely affect bio-regulatory mechanisms, resulting in an abnormal diurnal rhythm that can impede biological activities both structurally and functionally. The process by which such disorders are induced is, in theory, highly dependent upon the nutritional condition of the individual.
From a nutritional standpoint, we have been examining the influence of various nutrients on rats kept under constant darkness as a model of disturbed daily rhythm [7] [8] [9] [10] [11] [12] [13] . A light and dark cycle is one of the external factors of daily rhythm formation. When there is a light and dark cycle of 24 h (12 h light, 12 h dark), humans generally work during the light period, and rats generally work during the dark. In our previous studies [7] [8] [9] [10] [11] [12] [13] , we kept rats under constant darkness as a model for humans who work at any time of the day or night. Esashi et al. [3, 4] reported that the effects of constant darkness in male rats appear especially in their gonads.
We previously reported that the gonadal development of rats kept under constant darkness appears to be notably delayed by either a low-protein diet or a sulfur amino acid additive-free diet [8, 10, 13] . We also reported a decrease in the concentration of serum testosterone due to a low-protein diet [10] . However, we did not study the hormones related to testosterone synthesis in rats kept under constant darkness. Therefore, in the present study we used the diet that has been shown to induce the greatest depression of gonadal development in rats kept under constant darkness [3] and evaluated the testosterone level, gonadal development, and hormones related to testosterone synthesis.
Materials and Methods

Animals
Twenty-four Fischer strain (F344) male rats (purchased from Charles River Laboratories Japan, Inc., Kanagawa, Japan, at 3 weeks of age) were preliminarily maintained for a week on the AIN-93G purified diet [24] and then divided into 4 experimental groups of 6 rats each. No differences were found among the mean body weights of the rats from any of these groups. The rats were kept under constant darkness (D-groups) or normal lighting (12-h light/dark cycle, N-groups) for 4 weeks. Food intake and body weight were recorded every other day. The care of rats kept under constant darkness included lighting with a red lamp for about 2 h; the lamp was used to make photography possible and caused no phase variation of circadian rhythms. The rats were housed in individual, stainless steel, wire mesh-bottomed cages at 22 ± 1°C with 55 ± 5% humidity, in a room free from specific pathogens. Food and distilled water were provided to all rats ad libitum.
all animals were maintained in accordance with the Standards Relating to the Care and Management, etc. of Experimental Animals (Notification of the Prime Minister's Office of Japan).
Diets
The compositions of the diets used in this study are shown in Table 1 . The compositions were the same as those used in a previous study [3] , and gonadal depression in rats kept under constant darkness appeared strongly in response to feeding the diet.
The protein levels were low (9% casein) or normal (18% casein). Harper mineral mixture [14] (calcium phosphate dehydrate 4.3 mg/g, potassium phosphate 0.343 mg/g, sodium chloride 0.251 g/g, iron citrate 6.23 mg/g, magnesium sulfate 48.8 mg/g, zinc chloride 0.20 mg/g, manganese sulfate tetra-or pentahydrate 1.21 mg/g, copper sulfate 1.56 mg/g, potassium iodide 0.005 mg/g, calcium carbonate 0.293 mg/g, ammonium molybdate tetrahydrate 0.025 mg/g; Wako Pure Chemical industries, Osaka, Japan) was used as a mineral source, and Panvitan (retinyl palmitate 2,500 IU/g, calciferol 200 IU/g, thiamine nitrate 1 mg/g, riboflavin 1.5 mg/g, nicotinic acid amide 10 mg/g, pyridoxine hydrochloride 1 mg/g, folic acid 0.5 mg/g, calcium pantothenate 0.5 mg/g, cyanocobalamin 1 µg/g, ascorbic acid 37.5 mg, dl-α-tocopherol acetate 1 mg/g (as a dl-α-tocopherol); Takeda Pharmaceutical Co. Limited, Osaka, Japan) was used as a vitamin source. Four grams of Harper mineral mixture was added per 100 g of diet. Panvitan was mixed with choline chloride and dextrin at the following ratio: panvitan:chloride choline:dextrin=20:10:70. One gram of this mixture was added per 100 g of diet.
The two diets were given to rats kept under constant darkness or normal lighting. There were two D-groups and two N-groups for a total of four groups.
Analysis
after 4 weeks of treatment, the rats were decapitated, and their blood and gonadal organs (testes, epididymides, seminal vesicles, and prostate) were collected. The gonadal organs were weighed. Blood was centrifuged (3,000 rpm, 15 min, 4°C), and the serum obtained was stored at −20°C until analysis. Serum testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FsH) concentrations were measured using a ra- dioimmunoassay kit (testosterone, CIS Diagnostic K.K., Tokyo, Japan; LH and FsH, amersham Life science, Ltd., Buckinghamshire, England). The limits of sensitivity were 0.25 ng/ml for testosterone, 0.8 ng/ml for LH, and 1.6 ng/ml for FSH. The intra-assay coefficients of variation for testosterone, LH, and FSH were 13.2, 7.7, and 5.7%, respectively. Serum androstenedione and progesterone were measured by an enzyme-linked immunosorbent assay (ELisa) kit (neogen Corporation, Lexington, KY, USA). The limits of sensitivity were 0.01 ng/ml for androstenedione and 0.1 ng/ml for progesterone. The intra-assay coefficients of variation for androstenedione and progesterone were 5.2 and 9.2%, respectively.
Statistical analysis
The results of the experiment were analyzed by twoway analysis of variance (anOVa) using two factors: lighting condition and protein level. Fisher's least significant difference (LSD) test was then conducted as a multiple comparison test, using StatView/Version 5.0 (SAS Institute, Inc., Cary, NC, USA), when there was an interaction between lighting condition and protein level. Differences among mean values were considered significant at P<0.05.
Results
Final body weight, total food intake, and food efficiency
The rats' final body weight, total food intake, and food efficiency are shown in Table 2 .
Lighting condition and protein level were found to have an effect on final body weight and food efficiency. Only the protein level was found to have an effect on total food intake.
The final body weights of the rats in the D-groups were lower than those of the rats in the n-groups, and the 9% casein diet reduced the final body weight compared to the 18% casein diet.
The total food intake of rats fed the 9% casein diet was higher than that of the rats fed the 18% casein diet.
The food efficiency of the D-groups was lower than that of the n-groups, and the 9% casein diet reduced food efficiency compared with the 18% casein diet.
Gonadal organ weights
The weights of the testes, epididymides, seminal vesicles, and prostates are shown in Table 3 .
The weights (g) of the testes and epididymides of the D-groups were lower than those of the N-groups, and rats on the 9% casein diet showed lower weights than the weights of rats on the 18% casein diet. The relative weights of the testes and epididymides (g/100 g BW) were not influenced by dietary protein level. Lighting condition, and protein level, and the interaction between lighting condition and protein level were found to affect the absolute and relative weights of the seminal vesicles. In the N-groups, these weights were higher in rats fed the 18% casein diet, but in the D-groups, no difference was found between dietary protein levels.
The absolute and relative weights of the prostate in the D-groups were lower than those of rats in the Ngroups, and rats on the 9% casein diet showed lower weights than those of rats on the 18% casein diet.
Serum testosterone, its related steroid hormones, and pituitary hormone concentrations
serum testosterone, androstenedione, progesterone, LH, and FSH concentrations are shown in Table 4 .
The serum testosterone concentrations of rats fed the 9% casein diet in the D-groups were low. In this group, the values of five rats were below the detection limit (0.25 ng/ml), and the value of the remaining rat was 0.618 ng/ml. There was no difference between three groups, the 9% casein and normal lighting group, 18% casein and normal lighting group, and 18% casein and constant darkness group.
Protein level and the interaction between lighting condition and protein level were found to affect serum androstenedione concentrations. In the D-groups, the androstenedione concentration was higher in rats fed the 18% casein diet, but in the n-groups, this concentration was not different between rats fed the two diets.
serum progesterone, LH, and FsH concentrations were not affected by lighting condition or protein level.
Discussion
We previously reported that body weight gain and food efficiency were reduced in rats kept under constant darkness for 4 weeks compared with rats kept under normal lighting [8] [9] [10] [11] [12] . In the present study, body weight and food efficiency were decreased in the D-groups, which is consistent with our previous results.
Rats have the capability to adjust their food intake according to the amount of nutrients required, and it has been reported that their food intake increases under a low-protein diet (10% casein) and decreases under a high-protein diet (40 or 60% casein) compared with a normal protein diet (20% casein) [21] . However, this capability has limitations, and it has been reported that food intake is not increased by an extreme low-protein diet (2% casein) [21] . In the present study, the food intake of rats fed the low-protein diet was higher than that of those fed the normal protein diet, and this result supports the previous results.
Earlier studies have shown that constant darkness and a low-protein diet reduced gonadal weight. We previously reported that the gonadal weights of rats in the D-groups were extremely low compared with those of n-group rats when fed a low-protein diet, but that the two groups showed approximately the same values when fed a normal-protein diet [10] . In the present experiment, the gonadal weights of D-group rats fed the normalprotein diet were low compared with those of n-group rats fed the low-protein diet or the normal-protein diet. This difference might be attributed solely to the diets used in the present experiment. Because we wanted to induce the maximum suppression of gonadal development in rats kept under constant darkness in the present Results of a multiple comparison test when there was an interaction between L.C. and protein: different symbols within a row indicate a significant difference of at least 95% probability. e) The data is below the detection limit (0.25 ng/ml). The values of five rats are below the detection limit, and the value of the remaining rat is 0.618 ng/ml. f) There is no result from two-way ANOVA. The results of one-way anOVa among three groups, the normal lighting and 9% casein group, normal lighting and 18% casein group, and constant darkness and 18% casein group, showed no significant difference.
experiment, we used a Harper mineral mixture and Panvitan as mineral and vitamin sources, respectively [3] . in our previous study [10] , we used the ain-93G-based mineral and vitamin mixtures. The compositions of the Harper mineral mixture and Panvitan were different from those of the ain-93G-based mineral and vitamin mixtures, as the former did not contain certain minerals and vitamins, and the quantities of some minerals and vitamins were lower than those in the ain-93G-based mineral and vitamin mixtures. We had already reported that the quantities of minerals and vitamins had influenced the gonadal development in rats kept under constant darkness [9, 11, 12] . Therefore, we thought that even if D-group rats were given the normal-protein diet, their gonadal development would remain decreased compared with that of n-group rats on the low-protein diet in the present experiment. LH and FSH are closely related to testosterone [18] . LH secreted from the anterior pituitary acts on the Leydig cells of the testes and stimulates the production of testosterone from cholesterol, and LH secretion is controlled by the negative feedback mechanism of testosterone. On the other hand, FSH stimulates the function of the sertoli cells and maintains the spermatogenesis function together with testosterone. LH and FSH secretion is influenced by gonadotropin-releasing hormone (GnRH) in the hypothalamus. A clock gene exists in the suprachiasmatic nucleus (sCn) of the hypothalamus that influences the secretion of GnRH. Light information that enters from the eyes is directly input into the sCn from an optic nerve fiber and affects the clock gene [2, 19] . In the present study, no influence of lighting condition or protein level was observed in serum LH or FsH concentrations.
Herbert reported that serum testosterone, LH, and FsH concentrations in rats fed a low-protein diet (8% casein) were reduced compared with those of rats fed a highprotein diet (27% casein) [15] . In the present experiment, no difference in LH or FsH concentrations between the low-and normal-protein diets was found. This difference in results between those of Herbert et al. and those of the present experiment may be due to the difference in dietary protein levels. That is, in Herbert's experiment, there was a comparison between 8% casein and 27% casein, and in our experiment, there was a comparison between 9% casein and 18% casein. Additionally, the protein requirement may be different according to the strain of rats used. Herbert used the Sprague-Dawley strain, which is a large strain that showed marked body weight gain compared with the Fischer strain used in the present experiment.
The serum LH and FsH concentrations of rats fed the low-protein diet and kept under constant darkness showed no difference in comparison with other groups, but the serum testosterone concentrations were low. This may be because the negative feedback effects between testosterone and LH and/or FSH were inhibited. It has been reported that the sensitivity of the negative feedback of testosterone is not influenced by lighting condition [22] , but in the present experiment, this sensitivity appeared to be reduced as a result of the combination of constant darkness and the low-protein diet. However, further study is needed to determine the steroid feedback mechanism, analyzing for the dynamic state of LH, FsH, inhibin, and GnRH in gonadectomized rats kept under constant darkness and fed a low-protein diet.
The development of the gonadal organs depends on the sex hormone testosterone. The serum testosterone concentrations in D-group rats on the 9% casein diet were low, as were the gonadal organ weights of these rats. This result is consistent with our previous result [10] . Additionally, in the D-group rats fed the 9% casein diet, the serum concentrations of androstenedione, which is a precursor to testosterone, showed low values, while the serum concentrations of progesterone, which is a precursor to androstenedione, did not. Therefore, we believe that the conversion to androstenedione from progesterone was inhibited. The enzymes that participate in this conversion are 17-alpha-hydroxylase and 17,20-lyase. We hypothesized that the reduction in the activity of these enzymes induced the reduction of testosterone in D-group rats on the 9% casein diet.
There have been various reports on enzyme-related testosterone synthesis [1, 5, 20] . It has been reported that chemical a1248, a kind of polychlorinated biphenyl (PCB), downregulates testicular androgenesis by an acute inhibition of 3-beta-hydroxysteroid dehydrogenase (3-beta-HSD), 17-alpha-hydroxylase, and 17-beta-HSD activities [1] . It has also been reported that the chemical R1881, synthetic steroid, reduces the activity of 3-beta-HSD, 17-alpha-hydroxylase, and 17,20-lyase but does not affect the activity of 17-beta-HSD [5] . Orr and Mann reported that the plasma testosterone concentrations of rats were reduced by immobilization stress for 3 h, and they suggested that the activity of 17,20-lyase might have been reduced [20] . In the present experiment, we did not measure the activities of 17-alpha-hydroxylase or 17,20-lyase. Further research is necessary to determine these enzyme activities in rats kept under constant darkness and given a low-protein diet. At the same time, the mRna expression of enzymes related to testosterone synthesis should be measured.
To summarize the results of the present experiment, the low-protein diet containing Harper minerals and Panvitan vitamin mixtures reduced the gonadal development and serum testosterone concentrations of rats kept under constant darkness. It was also shown that the reduction in the gonadal development of rats fed the lowprotein diet in constant darkness depended on the reduction of testosterone synthesis, which in turn depended on the inhibition of the conversion of progesterone to androstenedione. This suggests a reduction in the enzyme activity of 17-alpha-hydroxylase and/or 17,20-lyase, which participate in this conversion.
